Analysis of polyoma virions by X-ray fluorometry demonstrated that calcium (Ca2+) was associated with the purified virion. Treatment of purified virions with ethyleneglycol-bis-NN'-tetraacetic acid (EGTA), which chelates Ca2+, and the reducing agent dithiothreitol caused the virions to dissociate. Electron microscopy revealed that the virions were dissociated to the capsomere level. Incubation of polyoma virions with 150 mM NaCl, 10 mM EGTA, and 3 mM dithiothreitol was optimum for the dissociation reaction. The pH for the dissociation reaction ranged from 7.5 to 10.5. Cesium chloride density gradient centrifugation indicated that both EGTA and dithiothreitol were necessary for dissociation to occur; neither reagent alone dissociated the virus. The major protein product of the dissociated viral particles sedimented at 12S. Relationships between these experiments and the alkaline carbonate-bicarbonate dissociation of polyoma are discussed.
Analysis of polyoma virions by X-ray fluorometry demonstrated that calcium (Ca2+) was associated with the purified virion. Treatment of purified virions with ethyleneglycol-bis-NN'-tetraacetic acid (EGTA), which chelates Ca2+, and the reducing agent dithiothreitol caused the virions to dissociate. Electron microscopy revealed that the virions were dissociated to the capsomere level. Incubation of polyoma virions with 150 mM NaCl, 10 mM EGTA, and 3 mM dithiothreitol was optimum for the dissociation reaction. The pH for the dissociation reaction ranged from 7.5 to 10.5. Cesium chloride density gradient centrifugation indicated that both EGTA and dithiothreitol were necessary for dissociation to occur; neither reagent alone dissociated the virus. The major protein product of the dissociated viral particles sedimented at 12S. Relationships between these experiments and the alkaline carbonate-bicarbonate dissociation of polyoma are discussed.
To understand the viral uncoating and assembly mechanisms in a host cell, it is important to understand how the intact virion is stabilized. Previous investigators have approached the problem of virion stability by studying the in vitro dissociation of polyoma virions. The dissociation of virions to the capsomere level was obtained by use of alkaline carbonate-bicarbonate buffers (17) . This carbonate method was later improved by adding reducing agents that cleaved disulfide bonds in the capsid proteins (7, 10, 21) . However, the mechanism by which the carbonate-bicarbonate system caused dissociation of the virion was not understood.
We report here experiments which demonstrate that Ca2+ ions are associated with purified polyoma and are, in part, responsible for maintaining virion integrity. Taking advantage of the binding affinity of ethyleneglycolbis-N,N'-tetraacetic acid (EGTA) for Ca2 , we studied calcium chelation, which results in the dissociation of the virion to capsomeres and a DNA-protein complex. After EGTA and dithiothreitol (DTT) treatment, more than 98% of the viral hemagglutinating (HA) activity was lost within 30 min. Concomitant with the loss of HA activity, electron microscopy revealed that the virion was dissociated to the capsomere level.
The data presented in this report demonstrate the importance of Ca2+ in maintaining 1 Contribution 1309.j from the Kansas Agricultural Experiment Station, Kansas State University. the integrity of the virus. Furthermore, we propose that in vitro polyoma dissociation systems previously described (7, 8, 17) were dependent upon chelation of the calcium associated with the virion.
MATERIALS AND METHODS
Cell and virus propagation. The preparation of primary cultures of mouse embryo and kidney cells has been described (5, 19) . Briefly, for cell cultures, each roller bottle was seeded with 100 ml of a cellmedium mixture containing 2 x 108 cells per ml. Wild-type polyoma virus was used to infect cells at a multiplicity of infection of 10. Infected cultures were maintained in serum-free, Dulbecco-modified Eagle medium (13) .
Virus purification. Virus was purified from the infected-cell lysate either as described previously for small volumes (13) or as described by Friedmann and Hass (9) , by polyethyleneglycol precipitation, for large volumes. The CsCl gradients used to purify the virus were prepared as described by Brunck and Leick (2) . Briefly, the concentrated virus was brought to a density of 1.20 g/cm3 by adding 1.8-g/ cm3 stock cesium chloride. A 2.5-ml portion of this solution was then layered onto 2.5 ml of 1.35-g/ cm3 CsCl in an SW50. 1 Quantitative assays. Cesium chloride densities were determined from the refractive index by using a refractometer (Bausch & Lomb, Inc., Rochester, N.Y.) and were calculated by using the VinogradHearst equation (20) . Radioactivity was quantitated in a toluene-Triton (3:1) scintillation fluid by using a Beckman LS-233 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). Protein was determined by the method of Lowry et al. (11) , with bovine serum albumin as the standard. The hemmagglutination assay has been described previously (4 
RESULTS
Analysis of polyoma virions by X-ray fluorescence revealed that Ca2+ was associated with the purified virions (B. Curnutte, Jr., unpublished data). Based upon these observations, Ca2+ chelation studies were undertaken to determine whether Ca2+ played a role in maintaining the integrity of the virus. EGTA was chosen as the chelating agent in these experiments due to its high affinity for Ca2+ (18) .
Optimization of dissociation mixture. To determine the importance of Ca2+ in maintaining virion structural integrity, the optimum conditions for polyoma virion dissociation were elucidated. The components of the dissociation mixture (EGTA, DTT, and NaCl) and the pH were individually optimized. We first determined the effect of various NaCl concentrations on virion dissociation. As NaCl approached physiological concentrations, dissociation of the virion was optimum (Fig. 1A) . Therefore, 0.15 M NaCl was selected as the desired concentration for future experiments.
It was found that EGTA concentrations ( Fig.  1B) higher than 150 mM inhibited the dissociation of the virions, whereas concentrations of ca. 0.5 to 10 mM EGTA gave the greatest degree of virion dissociation. The concentration of EGTA selected for further experiments was 10 mM.
By using 0.15 M NaCl and 10 mM EGTA, the optimum concentration of DTT was investigated. Little difference in the extent of virion dissociation was observed between concentrations of 1 to 10 mM at pH 7.5 (Fig. 1C) . At a DTT concentration of 3 mM, more dissociation was observed at pH 9.5 than at 7.5. This prompted us to investigate the pH dependence of the dissociation reaction.
Tris-hydrochloride-buffered dissociation mixtures from pH 6.0 to 10.5 were tested (Fig. 1D) . The alkaline pH of the buffer system was found to have maximum efficiency for virion dissociation. A pH of 9.5 was found to cause the greatest dissociation, since less than 1% of the viral HA activity remained after 30 min of incubation. It should also be noted that the dissociation mixture at pH 7.5 proceeded efficiently, although to a somewhat lesser extent, since only 12.5% of the original HA activity remained after 3 h of dissociation. A pH of 8.5 was selected for future experiments, as it afforded the highest degree of disruption under only slightly alkaline conditions. Thus, the optimum conditions found for maximum polyoma dissociation were: 0.15 M NaCl, 3 mM DTT, 10 mM EGTA, and 0.01 M Tris buffer (pH 8.5 ).
These optimum conditions were then used to determine the rate of polyoma virion dissociation (Fig. 2) . More than 75% of the HA activity was lost within the first 5 min, and more than 94% of the HA activity was lost within 15 min postincubation. Within 30 min, less than 1% of the initial virion population remained as HApositive particles.
Electron microscopy of dissociated virions. Dissociating virions were examined with an electron microscope. The inset in Fig. 3A shows untreated, purified virions. Figure 3A depicts viral particles after a 5-min exposure to the dissociation mixture. The virions have lost much of the intact structure and appear as puddles of loosely associated virions with some individual capsomeres apparent. Figure 3B shows the dissociated virions after a 15- Incorporation of 45Ca into complete and empty virion particles. To substantiate that Ca2+ was, indeed, a part of the intact purified virion, experiments were conducted to label polyoma virions with the 45Ca radionuclide. Since incorporating Ca2+ into cellular (and viral) proteins depends upon the availability of calcium-phosphate pools within the mitochondria (Peter Gray, personal communication), mouse kidney cells were grown to confluency in the presence of 45Ca media and subsequently infected with polyoma. After purification, complete and empty polyoma virions were found to be 45Ca associated (Fig. 4A) . Radioactivity was found to be coincident with HA activity in both populations of virions. Figure 4B shows complete polyoma virions collected from a CsCl velocity gradient (Fig. 4A) and then recentrifuged in a second CsCl velocity gradient. These complete particles band as a single species that coincide with the HA activity. The small number of counts apparent at the top ofthe gradient most likely represent Ca2+ that has been stripped from the virus due to the high ionic strength of the CsCl gradient. Figure 4C shows the profile of complete virions (isolated as for Fig. 4B ) that were exposed to the EGTA- DTT ,V-,. Requirement of EGTA and DTT for dissociation of polyoma virions. The dissociation of polyoma by EGTA and DTT was analyzed by CsCl centrifugation to determine the extent of virion dissociation. Figure 5 shows the results of velocity sedimentation of the virions in CsCl gradients before and after treatment with EGTA, DTT, or EGTA-DTT. Figure 5A illus- Figure 5B and C represent the virion profile after exposure of the virus to either DTT or EGTA, respectively. In both cases, little difference is noticed between the sedimentation pattern of untreated virions or those treated with EGTA or DTT alone. However, after a 30-min exposure to both EGTA and DTT at pH 8.5, a dramatic shift to a lighter density was observed (Fig. 5D) . Thus, neither EGTA nor DTT alone is sufficient for the dissociation of the virion, but combined they demonstrate effective virion dissociation. Density determinations on cesium chloride equilibrium gradients demonstrated similar results. Untreated polyoma, polyoma-EGTA, and polyoma-DTT-treated virions banded at a density of 1.33 g/cm3, and the polyoma-EGTA-DTT-dissociated virus banded at 1.245 g/cm3.
Determination of sedimentation value of virion dissociation product. Further characterization of the virion dissociation products was carried out by velocity sedimentation in sucrose gradients (Fig. 6 ). Three protein species were observed that migrated at 5S (peak A), 12S (peak B), and 18S (peak C) when compared to the 7S immunoglobulin marker. The S values for peaks B and C are slightly larger than those previously reported for capsomeres produced by the carbonate dissociation of polyoma virions (8) . Polypeptide analysis of these dissociated virion subunits (Fig. 6 ) by sodium dodecyl sulfate-polyacrylamide gels and characterization of a DNA-protein complex (data not shown), which can be isolated by similar procedures, will be presented in a subsequent publication. DISCUSSION The data presented in this report demonstrate that the divalent cation Ca2+ is an integral part of the virus and plays a major role in stabilizing the intact polyoma virion structure. X-ray fluorometry, inhibition studies (Table 1) , and incorporation of 45Ca into complete and incomplete particles (Fig. 4) substantiate the presence of this cation in association with the intact virion. Chelation of this cation, along with the disruption of disulfide bonds, leads to the dissociation of the virion into capsomere subunits (Fig. 3) and a DNA-protein complex (unpublished data). Optimization of the virion dissociation demonstrates that the conditions necessary for the reaction are closer to physiological conditions than previously reported systems (7, 8, 17) .
Previously, the most widely used system to dissociate polyoma virions involved incubating virions in a carbonate-bicarbonate buffer at pH 10.5 (7, 17) . The hypothesis for the mechanism of this dissociation reaction was that the buffer merely provided the alkaline environment necessary for the disruption mechanism to proceed. Our observations that the EGTA-DTT-mediated dissociation proceeded even at near-neutral pH led us to question the pH role as an absolute requirement. Additionally, we showed that alkaline pH alone (Fig. iD) group of glycine at pH 9.6, this amino acid is capable of binding Ca2+ through ionic interactions between the amino and carboxyl groups (16) . The human papovaviruses that have been recently studied are also readily dissociated by the alkaline carbonate system (6) . Thus, the mechanism we propose for dissociation of polyoma by EGTA-DTT might be a common property to all papovaviruses.
The EGTA-DTT virion dissociation system described here provides opportunities for further investigations. For the first time, it is possible to dissociate the virion without resorting to extremely alkaline conditions. These conditions have enabled us to isolate and characterize a nucleoprotein complex from intact virions and to compare these complexes with those obtained previously with the carbonate disruption system (14, manuscript in preparation).
Our observations of the importance of Ca2+ in maintaining viral structure represent an important step toward understanding the events that occur during viral uncoating in vivo. After adsorption, the polyoma virion is transported to the nuclear membrane in a monopinocytotic vesicle. Subsequently, the virion DNA and capsid proteins are visualized in the nucleus by
